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ABSTRACT 
In contrast to constant operating states, particle and NOx emissions of internal combustion engines are 
significantly higher during transient operating states, which occur repeatedly at working cycles of 
mobile machines. This paper therefore deals with the conception, development and testing of hydraulic 
hybrid systems to reduce these emissions by phlegmatization of the engine. A wheel loader with its 
machine-typical working cycle serves as an example for the investigation of the benefits of such a 
system. Therefore, model based development techniques are used. In a holistic machine simulation, 
four different typical wheel loader cycles were carried out and the optimum size of the hydraulic 
accumulator for the hybrid system is identified by a parameter variation. The lowest emitted emissions 
and the smallest construction dimensions are the key elements for the accumulator selection. With an 
optimal hydraulic accumulator, a reduction in particle emissions of up to 29.4 % is achieved in one of 
the cycles investigated. 
Keywords: Model Based Development, Holistic Machine Simulation, Hydraulic Hybrid System, 
Transient Engine-Out Emissions 
1. INTRODUCTION  
To meet climate change and air pollution targets, 
EU has tightened emission limits since Euro I in 
1993. Since 2016, however, real driving emission 
(RDE) measurement have been mandatory for 
passenger cars and commercial vehicles. [1] [2] 
This means that exhaust aftertreatment systems 
(EAS) reducing emissions can no longer be 
designed for averaged emissions. Instead, RDE 
are now used for the design, which are mainly 
formed by transient engine-out emissions (TEE) 
[3]. Nitrogen oxides (NOx), particulate emissions 
(PM), carbon monoxide and unburned 
hydrocarbons are the main constituents of TEE 
[4]. However, only NOx and PM are considered 
in this paper as these are mainly produced in 
diesel internal combustion engines (ICE) [5]. 
For a better understanding of TEE, Figure 1 
shows the quantity of injected diesel and the 
resulting PM of a commercial vehicle ICE during 
a load step. The load step is performed from 10 to 
40 % maximum load of 760 Nm at a constant 
engine speed of nICE =  1,600 1/min. Similar 
load steps occur frequently in typical cycles of 
mobile machines. The solid blue line 
demonstrates the classic operating strategy of an 
ICE. Diesel is injected immediately to deliver the 
required torque. The air path (AP) should react 
immediately to provide the necessary combustion 
air for a clean combustion. This requires a ramp-
up time tAP of almost tAP = 0 s. Due to the 
delayed response of the turbocharger caused by 
its inertia, called turbocharger lag, such a fast 
supply of air to the combustion chamber is not 
possible. The lack of air in the combustion 
chamber leads to PM shown by the solid blue line 
in Figure 1, bottom. The behaviour of NOx is 
comparable to that of PM. NOx, however, is 
emitted, in contrast to PM, with partly sufficient 
amount of air and good mixing. [4] 
Thus, the TEE are significantly higher than 
stationary emissions. By considering the RDE, 
the peaks are relevant for the reduction of TEE in 
the course of these EAS design. As a result, 
performance and size of the systems must 
increase by up to 50%, resulting in significantly 
higher costs and construction dimensions. [3] 
In order to reduce the TEE and thus the costs for 
the exhaust aftertreatment, the ICE can be 
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operated with an increased 𝑡AP. This delays the 
injection and gives the turbocharger more time to 
provide the required amount of air. The load step 
smoothing is called phlegmatization of the ICE 
and leads to significantly reduced TEE, as the 
dotted line in Figure 1 bottom shows. Due to the 
phlegmatization, there is not enough power at the 
output, which must be supplied to the drive train 
via an additional hybrid module [6]. 
Figure 1: Phlegmatization potential according to [7] 
Particularly in the construction industry, inner-
city construction sites are placing greater 
demands on emissions of mobile machines. For 
this reason, in this paper a wheel loader as a very 
common machine on construction sides is used to 
present the development of a hybrid module.  
To investigate and design such hybrid modules, 
holistic machine simulation models can be used. 
Therefore, the developed hybrid module and the 
simulation models for the wheel loader, the ICE 
and the hybrid module will be presented. Then 
follows the hydraulic accumulator design. The 
paper concludes with an outlook on possible 
system and modelling improvements. 
2. APPLICATION CASE WHEEL LOADER 
For parameterization and validation of the 
simulation model, a Liebherr L509 Speeder has 
been equipped with measurement technology. 
The transport of bulk material between two piles 
is investigated as the working cycle for this paper. 
2.1. Machine Specifications 
The considered wheel loader is characterized by 
a steering system combined of articulated and 
rear-wheel steering, an operating weight of 
6.5 tons and a maximum payload of 1.8 tons. A 
hydrostatic traction drive (HTD) with two speed 
levels is used for the driving function. The 
function drive (FD) is designed as a Z-kinematics 
system with a hydraulic pilot-controlled open-
centre constant flow system. A diesel five 
cylinder in-line engine serves as the primary 
energy converter. 
2.2. Working Cycle 
One typical task of a wheel loader is to transport 
bulk material between two piles, known as the Y-
pattern loading cycle (see Figure 2). Due to 
recurring sequences of moving steps it is useful 
to separate the cycle into different states.  
In the state ‘Empty Drive’ (ED) the wheel loader 
drives from a starting point to the loading pile. 
The ‘Loading’ (L) state starts with positioning the 
bucket close to the ground in advance of reaching 
the pile. In this position, the machine moves into 
the pile, whereby HTD and FD overcome the 
resistance of intrusion, digging and filling. At the 
end of a loading operation, the bucket is tilted and 
lifted to transport position. In state ‘Transport 
Drive’ (TD) the wheel loader sets back and 
moves to the unloading point. Unloading the bulk 
material can be assigned to the ‘Unloading’ (UL) 
state. After unloading, the machine reverses and 
repeats the entire loading cycle.  
Figure 2: Y-pattern loading cycle [8] 
3. HYDRAULIC HYBRID MODULE 
This section describes the hybrid module’s 
operating principle and its developed structure. 
3.1. Operating Principle 
Figure 3 shows the hybrid module’s operating 
principle. In case of a positive load step (area 1) 
the ICE has to build up the required torque Mreq. 
In order to reduce TEE it provides a lower torque 
MICE,phleg within the ramp-up time tAP. During 
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this time the difference torque MHHM will be 
provided by the hybrid module. The charging can 
be done during the negative load step by 
recuperation (area 2) or by load point shift during 
partial load of the ICE. Through an additional 
operating strategy, the hybrid module can thus 
achieve lower TEE than with a conventional ICE. 
[9] 
Figure 3: Hybrid module’s operating principle [6] 
3.2. Structure and Components 
Application cases with load steps from more than 
30 % of maximum load in a time interval of 
tAP = 0 s to 𝑡AP = 5 s shown in Figure 1 are 
typical for mobile machines and thus high power 
density of the accumulator is required. 
Considering a ragone plot it becomes obvious 
that hydraulic accumulators (HA) are the best 
choice for those applications. In addition HAs are 
robust and machine operators and workshop staff 
are experienced with this technology [6].  
In order to keep the required installation space of 
the hybrid module as small as possible, an HA of 
minimal size and capacity should be selected. 
This requires among other things an intelligent 
operating strategy. Furthermore the hybrid 
module should be located as close as possible to 
the ICE to influence its operating points as it is 
proposed by [10]. 
For those reasons, a hydraulic hybrid module 
(HHM) with a hydraulic unit and a bladder HA as 
shown in Figure 4 will be used. 
The hydraulic unit must be able to provide 
both the additional power to support the ICE 
during transient operating conditions and to 
charge the HA. It is therefore a hydraulic unit in 
swash plate design that can be used for both 
motor and pump operation. Due to sudden load 
steps, the hydraulic unit must be able to swivel 
fast. Swivel times from 40 to 100 ms are possible 
nowadays [11]. Bladder HAs are very robust, less 
expensive than comparable piston HAs and have 
been proved as best solution in terms of power 
density. 
Figure 4: Structure of HHM [6] 
The presented HHM-concept is adoptable to 
different ICEs and mobile machines. Only the 
component sizes have to be adapted according to 
the dynamics of load requirements and the 
various ICE performances. 
4. HOLISTIC MACHINE SIMULATION 
A holistic machine simulation model of the 
described wheel loader L509 is set up to develop 
the HHM. Using this simulation approach time-
efficient tests of different architectures and 
operating strategies of the HHM are possible. 
4.1. Simulation Structure 
Domain-specific simulation programs are 
coupled with each other to achieve interaction 
between the individual subsystems of the wheel 
loader. A modular structure is used to reduce the 
complexity of individual systems and thus of the 
entire model, depending on the focus of the 
investigation. Matlab-Simulink serves as the 
master interface for the simulation. The 
simulation structure and essential system 
interactions are shown in Figure 5. 
The hydraulic and mechanical systems 
involved in the power flow of the wheel loader 
are modelled in the 1-D simulation environment 
Matlab-Simscape-Fluids and Matlab-Simscape- 
Mechanics. These models interact with the 
machine-dynamics-model in IPG-TruckMaker. 
Depending on the movement of the machine and 
the environmental conditions, IPG-TruckMaker 
specifies the load requirements for the power 
dominant systems. For the HTD, these are the 
torque requirements of the hydraulic motor 
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𝑀HTD. For the FD, the digging forces 𝐹Di and the 
spatial displacement of the working kinematics 
mounting points 𝑦FD and for the steering drive 
(SD) the steering forces 𝐹SD are crucial. The 
quantities, which result from the physical 
interrelationships, are calculated in Matlab-
Simscape and passed on to IPG-TruckMaker. 
These are the HTD motor speed 𝑛HTD,Mo, the 
displacements of the actuators of the function 
(𝑥Cyl) and the steering (𝑥SD) kinematics. 
The digging forces 𝐹Di are determined by an 
analytical approach. The cutting forces at the 
bucket tip, the friction forces between bucket and 
soil as well as the weight and inertia forces of the 
digged soil are taken into account. The soil 
material is assumed to be homogeneous and 
without internal friction processes. Friction 
effects at the side cutting edges are neglected. 
After determining the required torque Mreq from 
the sum of torques 𝑀FD, 𝑀SD and 𝑀HTD of the 
wheel loader, it passes the torque on to the HHM. 
It then splits 𝑀req between HHM and ICE in 
𝑀HHM and 𝑀ICE,phleg, to produce less TEE.  
𝑀ICE.phleg is finally transmitted to the ICE model 
within AVL's Cruise M software to simulate 
TEE and to return the engine speed 𝑛ICE to the 
HHM and the wheel loader model. For that ICE 
simulation Cruise M uses a combination of 1D-
air-path modelling and a black box model for the 
combustion process. 
An operator model automatically calculates 
the path for FD and HTD for any machine 
position according to the coordinates of the 
loading and unloading piles. The characteristics 
of the control actions are based on scientific 
studies on operator behaviour with his individual 
characteristics.  
A detailed description of the structure, 
parameterization and validation of the simulation 
environment for the FD and the HTD is given 
below, as these represent the largest power 
consuming systems in the wheel loader. 
Furthermore, the ICE and HHM models, their 
development and parameterization are further 
explained. 
4.2. Function Drive (FD) 
The SD and the FD hydraulics are supplied with 
hydraulic power by a fixed displacement 
auxiliary pump directly flanged to the shaft 
leading to the ICE. A priority valve divides the 
distributed volume flow between the SD and the 
FD, whereas the SD is always prioritised. 6-3 and 
6-4 open-centre directional control valves enable 
a controlled movement of the cylinders. The 
excessive flow is directed to the tank via a neutral 
circulation.  
The simulation considers the static and sliding 
friction for the sliding joints and the sliding 
friction for the rotary joints. The hydraulic line 
losses are modelled by series arranged throttle 
and orifice resistors. The valve flow rate 
characteristics, depending on the control signal 
and the pressure difference, are parameterized by 
extensive measurements of all individual valve 
sections. Additional actuators, supply circuits and 
filter units are not considered. While performing 
an exemplary short loading cycle, Figure 6 
illustrates the results of a measurement with the 
L509 (solid lines) and the simulation (dashed 
lines) for the parameters, which mainly describe 
the energy consumption. In addition, the states of 
the y-pattern loading cycle are illustrated. 
Figure 6 top illustrates the cylinder forces 𝐹𝑖, 
 
Figure 5: Structure of the holistic machine model 
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Figure 6 middle the pump outlet pressure  Pump 
and Figure 6 bottom the cylinder extension 
strokes 𝑥Cyl. The only inputs to the simulation are 
the recorded operators control actions (i.e. 
Joystick movements, steering wheel speed, …) 
and the payload are used as the only inputs to the 
simulation. The mass of the bulk material is 
calculated to 𝑚PL =  1,450 kg , using the 
measurement data based method presented in 
[12]. The simulated mass increases over the 
temporary cutting depth during the digging 
process. 
The main power consuming periods are the L 
and UL states. In state L, pressures above 200 bar 
are induced into the lifting cylinder by plunging 
into the pile (𝑡 = 204.3 s). This is occurs due to 
the high forces acting on the bucket and thus on 
the lifting cylinders exerted by the digging 
process when entering the pile. This force impact 
is well represented in measurement and 
simulation. Because of the force impact, a slight 
lowering of the bucket occurs in the simulation; 
in reality, the movement is restricted by the 
subsurface under the bucket. The forces 
associated with the tilting process (𝑡 = 203.5 −
205 s) are also mapped very well in the 
simulation compared to the measurement. The 
lifting and tilting cylinder extension stroke is 
simulated realistically.  
In state TD, the measured and simulated forces in 
lifting and tilting cylinders overlap very well. The 
underground conditions during the measurements 
represent those of a construction site, soil ground 
with stone-diameters of up to 100 mm. In 
simulation, a plain underground is assumed, as a 
realistic representation of individual stones in 
position and size is not possible. Thereby the 
oscillations in the measurement are higher than 
the simulated ones. The valves are not controlled 
during the TD state, therefore the imposed 
volume flow passes through the neutral 
circulation. Thus the oscillating cylinder 
pressures have no effect on the power demand of 
the system. The lifting process of the bucket in 
the UL state results in an increase of the forces in 
the lifting cylinder due to the kinematics, the 
dynamics and the friction conditions. The lifting 
cylinder reaches its extension compared to the 
measurement after the same period of time 
(𝑡 =  224 s). The simulation results for the 
tilting cylinder movement, as the real bucket 
unloading sequence, show a good correlation as 
well. The reduction of the payload is assumed to 
be linear to the tilting cylinder movement. The 
 
Figure 6: Comparison of results from measurement and simulation for the FD 
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subsequent lowering of the bucket to ground level 
by retracting the lift to ground level to repeat the 
loading process is very similar to the 
measurement.  
The measured force oscillations in state ED are 
with a high certainty caused by the above-
mentioned ground conditions, but have no 
influence on the required power.  
For a statistical evaluation of the simulation 
results, the deviations of the power demand, 
defined as the product of the constant pump 
displacement, the pump speed 𝑛ICE and the 
pressure at pump outlet  Pump, are calculated. 
The deviation 𝑠𝑧,𝑖 of a quantity 𝑧, here power 
demand of the FD 𝑃FD, is defined as the 
difference between the simulation value and the 
measurement value at time 𝑖. 
𝑠𝑧,𝑖 = 𝑧Sim,𝑖 − 𝑧Mea ,𝑖 (1) 
The sum of the absolute deviation 𝑠𝑧,𝑖 divided by 
the average measured value is specified by 
Ranjitkar [13] as the mean relative deviation 𝑠𝑧. 
𝑠𝑧 =
1
𝑛
∑ |𝑠𝑧,𝑖|
𝑛
𝑖=1
1
𝑛
∑ |𝑧Meas,𝑖|
𝑛
𝑖=1
∙ 100 % (2) 
Feature-based methods like this assume 
deviations of 20 to 30 % as acceptable [14]. 
Based on this literature and comparable 
simulation models, the authors define a deviation 
of less than 20 % as good and less than 10 % as 
very good. 
In addition to the relative power deviation, the 
average power required for the FD is calculated 
for the measurement and simulation. Table 1 
shows the results of the statistic evaluation. 
Table 1: Statistical evaluation of the simulation 
results for the FD 
Sequence 𝑠FD  𝑃FD,Mea   𝑃FD,Sim  
ED 10.8 % 1.0 kW 1.1 kW 
L 17.0 % 5.9 kW 4.9 kW 
TD 11.8 % 1.6 kW 1.8 kW 
UL 3.7 % 6.9 kW 6.6 kW 
Total 5.0 % 4.0 kW 3.8 kW 
 
Considering all sequences, the deviation in the 
average power is 5 %. This means that the power 
demand is simulated very well. The largest 
deviation is while performing the loading 
process. Here, the simulated power (deviation of 
17 %) is significantly lower due to the simplified 
digging model. 
The pump pressure and therefore the power 
demand during the ED and TD states is defined 
by the steering processes. Results of the SD can’t 
be shown in the paper due to the limited scope. 
However it has to be said, that the 
parameterization of the steering model is based 
on asphalt driving maneuvers where the steering 
forces are higher compared to loose surfaces like 
in the measurement. 
Nevertheless, in general the power demand is 
very well represented by the simulation. 
4.3. Hydrostatic Traction Drive (HTD) 
A hydrostatic transmission is the central part of 
the HTD. The adjustable hydraulic displacement 
pump is flanged directly to the output shaft of the 
ICE. The pump displacement depends on ICE 
speed and the load pressure. The hydraulic motor 
is connected to the front and rear axle 
differentials via a spur gear stage and a cardan 
shaft. The torque is split between the individual 
wheels of the machine by the fixed transmission 
ratios, whereas the wheel speed result from the 
interaction with the machine dynamic model. 
During operation, the machine reaches driving 
speeds of up to 7 km/h in the first speed level and 
up to 30 km/h in the second speed level. The 
higher speeds in the second speed level are 
realised by the swivel process of the hydraulic 
motor. 
The swivel characteristics of pump and motor 
have been determined by measurements of the 
entire machine on a chassis dynamometer. 
Figure 7 shows the measurement and simulation 
results for the power-determining variables of the 
HTD: the difference of the forward and backward 
pressure levels of the HTD ∆ HTD (Figure 7 top) 
and the volume flow of the hydraulic pump HTD 
(Figure 7 bottom). 
The simulated volume flow correlates to the 
measured data in most of the time periods. In 
simulation, the acceleration processes at the 
starting point (𝑡 = 193 s), the piles (𝑡 = 206 s 
and 𝑡 = 232 s) and the reversing point 
(𝑡 =  217 s) cause higher pressure gradients and 
a more dynamic acceleration behaviour. In 
reality, the acceleration, the pressure difference 
and therefore the power demand is lower due to a 
higher wheel slip on rough ground conditions. 
When the bucket enters the pile in state L (𝑡 =
203 s), the machine is exposed to increased 
resistance which causes a pressure build-up in the 
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hydrostatic drive. This reduces the swivel angle 
in the hydraulic pump, resulting in a lower 
amount of pumped oil despite an almost constant 
pump speed. This effect can be seen in the 
simulation as well as in the measurement. The 
digging forces act in the measurement over a 
longer time period than in the simulation. This 
can be explained by the simplified assumed pile 
geometry and the analytical conditions of the 
digging force model. 
During the UL state, the wheel loader drives 
with the front wheels into the extensions of the 
pile. The resistance against the direction of travel 
leads to an increased pressure level. This effect is 
not taken into account in the simulation, so that 
the increase in the pressure difference does not 
occur. Pressure oscillations in the ED and TD 
states occurring in the measurement are caused 
by uneven ground conditions.  
Table 2 shows the results of the statistic 
evaluation for the average power demand and the 
relative deviation of the power demand in the 
HTD using equation 2. 
Table 2: Statistical evaluation of the simulation 
results for the HTD 
Sequence 𝑠HTD  𝑃HTD,Mea   𝑃HTD,Sim  
ED 2.9 % 4.2 kW 4.4 kW 
L 3.2 % 8.3 kW 8.0 kW 
TD 21.3 % 9.7 kW 7.6 kW 
UL 22.6 % 5.8 kW 4.5 kW 
Total 12.9 % 6.5 kW 5.7 kW 
 
The values show that the simulated performances 
match the measured performances at most 
sequences of the cycle with a good accuracy. The 
deviations occur due to the described phenomena 
above: the simplified digging model and the 
difference in ground conditions.  
4.4. Internal Combustion Engine  
Information to the ICE of the wheel loader L509 
can be found in Table 3. 
Combustion simulation using Cruise M is 
basically capable of simulating TEE. However, 
this requires a sufficiently large database in the 
form of a characteristic map measurement of the 
engine. As these data are not available, full load 
and no load measurements for different engine 
speeds were carried out with the wheel loader. 
Fuel quantities, engine speeds and torques were 
recorded. This data and a fully parameterized 
model of a larger ICE provided by AVL will be 
used. An interpolation based on this data basis 
made it possible to parameterize the model of the 
L509 ICE in the end. 
Table 3: Investigated ICEs 
 L509 ICEref in [15] 
displacement 3,05 l  6,8 l  
cylinders 5, in-line 6, in-line 
max. power 𝑃max 54 kW  148 kW  
    at 𝑛𝑃,max 2800 1/min   1900 1/min  
max. torque 𝑀max 262 Nm  828 Nm  
    at 𝑛𝑀,max 1680 1/min  1600 1/min  
 
Measurements from [15] were used to 
qualitatively validate the simulation afterwards. 
Here, load steps were performed for various tAP 
on an ICE with exhaust gas recirculation (EGR). 
 
Figure 7: Comparison of results from measurement and simulation for the HTD 
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Information to this ICE can be found in Table 3 
as well. The load step took place from 24 to 85 % 
of 𝑀max at constant 𝑛M.max. The results of this 
comparison can be taken from Figure 8. 
The comparison of NOx in the top of Figure 8 
shows quantitative differences. This can be 
attributed to the existing EGR in [15], whereby 
the ICE has lower combustion temperatures and 
produces correspondingly less NOx. However, 
the qualitative progression and the decreasing 
NOx values with increasing tAP are roughly 
comparable. Due to the lack of EGR, the peak of 
the PM in the L509 ICE in the bottom of Figure 8 
is significantly lower than the PM of [15]. This is 
due to a significantly higher combustion 
temperature of the L509 ICE, which inhibits PM 
production. The PM peaks that decrease with 
increasing tAP are comparable. 
Figure 8: TEE of the investigated ICEs 
Despite the different size of the ICE examined, it 
is nevertheless possible to show that the ICE 
simulation model is capable of reproducing TEE.  
4.5. Hydraulic Hybrid Module 
As shown in Figure 4, the hydraulic unit is 
mechanically connected to the ICE and the output 
of the wheel loader via spur gear and shaft. 
To enable the HHM providing the torque 
𝑀HHM necessary for phlegmatized operation of 
the ICE, an operation strategy is required. This 
operating strategy uses the correlation in 
Figure 1: TTE decreases with an increasing tAP. 
The higher tAP is achieved by limiting the torque 
gradient. [16] shows that different limitations are 
required for several engine speed-torque 
combinations. Therefore, a map with so-called c-
factors introduced in [16] was developed for 
different engine speed-torque combinations of 
the investigated ICE. Using this map, the torque 
required by the wheel loader is converted into the 
phlegmatized torque MICE,phleg. This phlegmati-
zes both the positive and negative load steps. The 
negative load step is used to charge the HA as 
described in section 3.1. 
The torque MHHM to be applied by the HHM 
can now be calculated with equation 3. Due to the 
combination of Mreq and MHHM at the spur gear, 
only the phlegmatized torque MICE,phleg remains 
at ICE (see Figure 3). Thereby TEE are reduced. 
𝑀HHM = 𝑀req −MICE,phleg (3) 
5. PARAMETER STUDY 
The simulative development of the HHM is based 
on four various test scenarios (TS) according to 
the Y-pattern-loading cycle. The distances 
between the loading point (LP) and unloading 
point (UP) are varied, as is the unloading scenario 
itself: unloading onto a pile (TS 1 and TS 3) or 
unloading into a dumper truck (TS 2 and TS 4). 
For each of the four scenarios, one complete 
loading cycle is simulated. Figure 9 shows the 
four defined scenarios. 
TS 1 and TS 2 result in a very transient power 
demand for the HTD due to the short driving 
distances between the two piles. In TS 3 and 
TS 4, the driving distance is doubled, resulting in 
a less transient power demand in the HTD. TS 2 
and TS 4 require higher hydraulic power in the 
FD due to larger extension strokes of the lifting 
cylinders. The loaded mass is 1,500 kg in all TSs. 
Figure 9: TS for the HHM development 
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5.1. System behaviour without HHM 
To start with the design procedure, all four 
scenarios are simulated with the holistic machine 
simulation model, which initially contains the 
developed ICE model but not the HHM model. 
This means that 𝑛ICE, 𝑀ICE, PM and NOx of the 
wheel loader with conventional (conv) ICE are 
known for each scenario. 𝑀ICE, PM and NOx can 
be found for the cycle of TS 1 in Figure 10. 
In addition, the mean value of NO𝑥, the sum of 
PM and the cycle time 𝑡Cycle is determined for all 
four cycles in Table 4. Both data sets are used as 
reference for the HA design.  
The differences in TEE in Table 4 can be 
explained as follows. The explanations for PM 
and NOx are identical. First of all, the TSs with 
short loading cycles (TS 1 and TS 2) have a lower 
torque level and therefore lower TEE due to the 
lower driving speeds. The emissions relative to 
the cycle time are nevertheless higher compared 
to the longer driving distances, which is due to 
the high transient power requirement of the HTD. 
The differences in the differentiation by 
unloading point (truck or pile) can be attributed 
to the higher and earlier bucket lifting during the 
truck cycle. This means that higher torque is 
required from the ICE for a longer period, 
resulting in higher TEE.  
Table 4: TEE without HHM 
TS 𝑁𝑂𝑥  PM 𝑡Cycle  
1 1002 ppm 60.2 mg 44.2 s 
2 1082 ppm 96.6 mg 45.1 s 
3 1120 ppm 87.5 mg 66.4 s 
4 1168 ppm 118.9 mg 67.6 s 
5.2. HHM design 
The aim of the design is to keep the HA as small 
as possible. However, the HHM must be able to 
run 𝑀req well with this HA and at the same time 
reduce the TEE to a minimum. 
Due to the high computing time of the holistic 
machine simulation model, the HHM is 
dimensioned in a reduced simulation model 
which contains only the HHM and ICE (see 
Figure 5). 𝑀ICE and 𝑛ICE from the simulation in 
section 5.1 are applied to the simulation model as 
the approximated input of the wheel loader.  
To perform a parameter study, the volume of 
the HA (𝑉HA) is then varied in simulation. Each 
simulation is started with a fully loaded HA. The 
variation was then performed from 2 to 18 litres 
with a step size of 4 litres at a maximum HA 
pressure of 300 bar. As a result of the parameter 
study, Table 5 shows 𝑉HA for which the TEE was 
lowest for each scenario investigated. In addition, 
the state of charge (SOC) of the HA at the end of 
each scenario is specified in Table 5 as well. 
Looking at Table 5, it can be seen that PM in 
particular is reduced, while NO𝑥 is roughly 
constant. This is due to the c-factors, which are 
mainly optimized for PM. In addition, TS 1 
shows the best reduction. Because of the short 
driving time and the short peak during unloading, 
this cycle also exhibits the most transient 
behaviour. TS 3 and TS 4 require a larger HA due 
to the higher driving speeds with higher torques. 
Moreover, in these scenarios the HA at the end of 
the cycle is not completely filled. This is because 
there is not enough time between the high and 
long torque peak during unloading until the end 
of the cycle. An optimized operating strategy 
could help here. 
Table 5: TEE with HHM and optimal HA 
TS 𝑉HA  NO𝑥  PM  SOC 
1 6 l 1030 ppm 42.5 mg 99 % 
2 6 l  1162 ppm 88.8 mg 100 % 
3 10 l 1099 ppm 69.2 mg 62.8 % 
4 10 l 1166 ppm 107.9 mg 74.3 % 
5.3. HHM design verification 
Due to the high calculation times of the holistic 
machine model, the verification was not 
performed using the whole couplings in the 
holistic machine model. Instead, it was checked 
how well the reduced model can follow the 
engine speed and torque input from the holistic 
machine model. For each scenario examined, the 
deviation for engine speed (𝑠n) and for torque 
(𝑠M) was determined according to equation 2. 
Table 6 proves that the simulation accuracy is 
very good. 
Table 6: Verification of pre-dimensioning 
TS sM  s n  
1 2.5 % 0.4 % 
2 2.5 % 0.5 % 
3 1.2 % 0.3 % 
4 1.5 % 0.3 % 
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In addition, Figure 10 shows that the combined 
output 𝑀Tot,HHM of ICE and HHM of the reduced 
model corresponds very well with 𝑀ICE,conv from 
the holistic machine model. This confirms the 
validity of the design procedure from section 5.2. 
5.4. Results of the HHM design 
By using the HHM the ICE can be phlegmatized 
without changing the system output 𝑀Tot,HHM 
compared to conventional ICE 𝑀ICE,conv. This 
shows Figure 10. The investigated wheel loader 
behaves thus with the HHM in the same way as 
with its conventional ICE. The phlegmatization 
can be recognized by the significantly smoothed 
curve of 𝑀ICE,phleg compared to 𝑀ICE,conv.  
Due to the phlegmatization, the curves of PM and 
NOx are also smoothed compared to conventional 
ICE. This leads to a maximum reduction in PM 
of 29.5 % in TS 1. However, due to the simple 
charging strategy of the HHA, the reduction of 
the TEE can be equalized again, especially for 
NOx, as Table 5 shows. However, the EGR used 
in modern ICE and an optimized operating 
strategy will reduce these NOx-TEE. 
6. CONCLUSIONS 
This paper presents a hybrid system to phlegma-
tize the internal combustion engine of a mobile 
machine. With the aim of reducing transient 
engine-out emissions, the system was designed, 
parameterized and tested in a holistic machine 
simulation model. The simulation shows a very 
good correlation between measurements and 
reference machine. 
Running 4 different cycles to design the 
hydraulic hybrid module, the transient engine-out 
emissions were determined. The design 
procedure of the hybrid module was carried out 
using a reduced modelling approach. This was 
validated by comparing the holistic machine 
model and the reduced model for all four cycles. 
The optimally designed hybrid module 
resulted in a particulate emission saving of up to 
29.5%. NOx was hardly reduced. Nevertheless, it 
could be shown that transient engine-out 
emissions was effectively reduced by a relatively 
simple hydraulic hybrid module. This will enable 
a smaller exhaust after treatment system. 
An optimization of the model structure could 
lead to the design of the hydraulic hybrid module 
on the holistic machine model with reasonable 
computing times. In addition, an improved 
 
Figure 10: Comparison of results from TS 1 
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operating strategy could optimise the charging of 
the hydraulic accumulator. Knowledge of current 
and future driving and working states based on a 
state recognition [8] could determine and predict 
possible charging time periods in the future. 
NOMENCLATURE 
AP Air Path 
CO Carbon Monoxide 
Cyl Hydraulic Cylinder 
Di Digging 
EAS Exhaust Aftertreatment System 
ED Empty Driving  
F Force 
FD Function Drive 
HA Hydraulic Accumulator 
HC Unburned Hydrocarbons 
HTD Hydrostatic Traction Drive 
HHM Hydraulic Hybrid Module 
ICE Internal Combustion Engine 
L Loading  
LP Loading Point 
M Torque 
Meas Measurement 
Mo Motor 
𝑁𝑂𝑥  Nitrogen Oxids 
NRTC Nonroad Transient Cycle 
P Power 
PM Particulate Emissions 
RDE Real Driving Emission Measurements 
SD Steering Drive 
Sim Simulation 
SOC State of Charge 
TD Transport Driving 
TEE Transient Engine-Out Emissions 
Tot total 
TS Test Scenario 
UL Unloading  
UP Unloading Point 
V Volume 
Wh Wheel 
Q Volume Flow 
  
conv Conventional System 
𝑚PL  Bulk Material in Bucket 
max Maximum 
n Speed 
p Pressure 
phleg Phlegmatized 
req Required 
𝑠𝑧  Mean Relative Deviation of Quantitie z 
𝑠𝑧,𝑖  Absolute Deviation of Quantitie 𝑧 at Timepoint 𝑖 
𝑡  Time 
x Hydraulic Cylinder Stroke 
z Evaluation Quantitie 
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